Adenosine A 1 receptors (A 1 AR) are well characterized for their role in cytoprotection. Previous studies have demonstrated the presence of these receptors in the cochlea where their activation were shown to suppress cisplatin-induced inflammatory response and the resulting ototoxicity. Inhibition of A 1 AR by caffeine, a widely consumed psychoactive substance, could antagonize the endogenous protective role of these receptors in cochlea and potentiate cisplatin-induced hearing loss. This hypothesis was tested in a rat model of cisplatin ototoxicity following oral administration of caffeine. We report here that single-dose administration of caffeine exacerbates cisplatin-induced hearing loss without increasing the damage to outer hair cells (OHCs), but increased synaptopathy and inflammation in the cochlea. These effects of caffeine were mediated by its blockade of A 1 AR, as co-administration of R-PIA, an A 1 AR agonist, reversed the detrimental actions of caffeine and cisplatin on hearing loss. Multiple doses of caffeine exacerbated cisplatin ototoxicity which was associated with damage to OHCs and cochlear synaptopathy. These findings highlight a possible drug-drug interaction between caffeine and cisplatin for ototoxicity and suggest that caffeine consumption should be cautioned in cancer patients treated with a chemotherapeutic regimen containing cisplatin.
Cisplatin is a critical component of chemotherapeutic regimen used for the treatment of several kinds of cancers. Unfortunately, cisplatin produces a debilitating side effect of permanent hearing loss which severely affects the quality of life of cancer patients. Cisplatin is known to target numerous cell types in the basal and middle turn of the cochlea, including outer hair cells (OHCs) 1, 2 , supporting cells 3 , marginal cells of stria vascularis (SVA) 4, 5 , spiral ligament (SL) 6 and spiral ganglion neurons (SGN) [7] [8] [9] , but does not seem to affect the inner hair cells (IHCs) 10, 11 . One of the important molecular mechanisms responsible for hearing loss induced by cisplatin is generation of reactive oxygen species by weakening cochlear antioxidant defense system 2 . Recent studies from our lab suggest that the increased ROS generation initiates an inflammatory process by activating signal transducer and activator of transcription1 (STAT1) 10, 12, 13 . STAT1 is a transcription factor that regulates the expression of inflammatory genes such as tumor necrosis factor-α (TNF-α) 14 , inducible nitric oxide synthase (iNOS) 15 and cyclooxygenase-2 (COX-2) 16 . Adenosine receptors are G protein-coupled receptors which mediate the physiological effects of the ubiquitously present signaling molecule, adenosine 17 . Although all four adenosine receptors (AR), namely A 1 , A 2A , A 2B and A 3 , are expressed in the cochlea 18 , activation of A 1 AR specifically has been found to protect from cisplatin-induced hearing loss 10, [19] [20] [21] . We have tested the effectiveness of A 1 AR specific agonist, N 6 -R-phenylisopropyladenosine (R-PIA), in a rat model of cisplatin ototoxicity and showed that this agent protected against hearing loss when administered via the trans-tympanic route 10 . We demonstrated that A 1 AR-mediated otoprotection involved suppression of ROS-dependent inflammatory response in the cochlea through inhibition of the STAT1 transcription factor 10 . Since activation of A 1 AR protects against cisplatin ototoxicity, any agent that blocks A 1 AR signaling could exacerbate cisplatin-induced hearing loss. Caffeine (1,3,7-trimethylxanthine) is one of the most widely consumed dietary psychoactive stimulant throughout the world 22 . High amounts of caffeine is present in coffee, . Pharmacologically, caffeine acts as CNS stimulant by non-selectively binding to and inhibiting ARs 23 . This A 1 AR antagonistic property of caffeine in the cochlea could aggravate cisplatin-induced hearing loss. This hypothesis is supported by a recent study which showed that caffeine has detrimental effect on hearing recovery after a single event of acoustic trauma 24 . In this study, we test whether oral caffeine consumption would exacerbate cisplatin ototoxicity by inhibiting the protective action of the A 1 AR in the cochlea. A negative interaction would infer that caffeine should be contraindicated in cancer patients who are on chemotherapeutic regimen containing cisplatin.
Results

Oral administration of caffeine exacerbates cisplatin-induced hearing loss in rats.
Immunohistochemical studies from our laboratory have clearly shown the expression of A 1 ARs in the inner and outer hair cells of the rat cochlea 10 . Furthermore, activation of these receptors through round window application of R-phenylisopropyladenosine (R-PIA), a selective A 1 AR agonist, reduced cisplatin-induced hearing loss and hair cell damage in chinchilla cochlea 21 . We saw a similar effect of the administration of R-PIA by the trans-tympanic route in rats 10 . These studies support the otoprotective role of cochlear A 1 AR against cisplatin-induced hearing loss. We hypothesized that administration of caffeine, a non-selective AR antagonist, could counteract this otoprotection afforded by A 1 AR and exacerbate cisplatin-induced hearing loss. To test this, male Wistar rats were divided in six groups and were administered oral caffeine (15 mg/kg), followed by trans-tympanic delivery of R-PIA (1 µM) in both ears. The rats were then treated with intraperitoneal injection of cisplatin (11 mg/kg) 30 mins later. Appropriate vehicle was administered in these animals that did not receive the drugs (Fig. 1A) . Administration of vehicle, caffeine and R-PIA alone produced minimal change in ABR threshold when compared to the pre-treatment ABR measurements (Fig. 1B) . Cisplatin increased the ABR threshold by 12.0 ± 2.0, 23.0 ± 1.2 and 28.0 ± 1.2 dB at 8, 16 and 32 kHz, respectively. Co-administration of caffeine with cisplatin also produced a significant shift in ABR threshold at 8 (15.0 ± 1.6 dB) and 16 (25 dB) kHz frequencies as compared to vehicle, but this ABR shift was statistically similar to that produced by cisplatin. At 32 kHz however, caffeine co-administration with cisplatin produced hearing loss which was significantly greater than cisplatin alone. The ABR threshold shift at 32 kHz was 34.0 ± 1.0 by caffeine + cisplatin treatment group. The hearing loss produced by caffeine + cisplatin was completely blocked by trans-tympanic administration of R-PIA at all the frequencies tested. The ABR threshold shift in animals treated with caffeine + R-PIA + cisplatin was 1.0 ± 1.0, 3.3 ± 1.7 and 4.2 ± 0.8 at 8, 16 and 32 kHz, respectively. These findings suggest that single oral administration of caffeine exacerbates cisplatin-induced hearing loss, at least at 32 kHz frequency. Moreover, R-PIA attenuated the hearing loss produced by caffeine + cisplatin, implicating A 1 AR as the target of caffeine. A schematic of the experimental protocol that depicts the dosage and routes of administration of different drugs. Wistar rats were divided into six groups and treated with either oral caffeine (15 mg/kg), followed by trans-tympanic delivery of vehicle or R-PIA (1 μM) in both ears. This was followed by intraperitoneal administration of vehicle or cisplatin (11 mg/kg) 30 min later. Pre-treatment ABRs were measured just before the drugs were administered and post-treatment ABRs was determined 72 h following cisplatin. PO: Per os (oral); TT: Trans-tympanic; IP: Intraperitoneal. (B) ABR thresholds were recorded in Wistar rats treated with cisplatin (11 mg/kg, IP) after oral administration of caffeine (15 mg/kg) or caffeine + R-PIA (1 µM, TT). Post-treatment ABRs assessed 3 days later showed significant elevations in thresholds in cisplatin and caffeine + cisplatin groups at 8 and 16 kHz frequencies. At 32 kHz, caffeine co-administration produced hearing loss which was significantly greater than cisplatin alone. Trans-tympanic delivery of R-PIA attenuated the increase in ABR thresholds produced by caffeine + cisplatin at all the frequencies tested. Data indicate mean ± SEM of five rats. Asterisks, *p < 0.05 vs. vehicle, **p < 0.05 vs. cisplatin and # p < 0.05 vs. caffeine + cisplatin (one-way ANOVA).
loss was associated with the loss of OHCs in the apical, middle and basal turns of the cochlea, which correspond to 8, 16 and 32 kHz frequency regions, respectively ( Fig. 2A,B) . Manual counting of OHCs in whole-mount preparations in cisplatin-treated group indicated 1.9 ± 1.1, 2.1 ± 1.1 and 16.5 ± 1.9% loss of OHCs from apical, middle and basal turns, respectively. No significant loss of OHCs was observed in the apical and middle turns of the cochlea in caffeine + cisplatin treatment group, in spite of distinct hearing loss observed in this group at lower to middle frequencies. In the basal turn, caffeine pre-treatment decreased cisplatin-induced loss of OHCs to 9.1 ± 1.3%, which was significantly less than that induced by cisplatin alone in the same region of the cochlea (Fig. 2B ). This disparity between the increased ABR threshold (Fig. 1B) and reduced loss of OHC in caffeine + cisplatin group indicates that the additional hearing loss experienced by this treatment group is not due to the loss of OHCs. Trans-tympanic administration of R-PIA was able to reduce the loss of OHCs produced by caffeine + cisplatin in the basal turn (3.0 ± 1.3%), which underscores the otoprotective action of A 1 AR against OHC damage. Administration of vehicle, caffeine or R-PIA alone did not show any significant loss of OHCs in all the three turns of the cochlea.
Caffeine exacerbates cisplatin-induced cochlear synaptopathy in rats. In order to address the discrepancy between the enhanced ABR threshold shift which was not coupled to greater OHC loss in the basal turn, we examined the degree of induction of cochlear synaptopathy by cisplatin and caffeine + cisplatin treatment groups. Cochlear synaptopathy is the degeneration of auditory nerve fibers usually observed after noise exposure 25 and aging 26 . Cochlear synaptopathy is characterized by the loss of synapses between IHCs and type I afferent auditory nerve fibers connecting the SGNs which results in signal coding deficits and is reflected in the reduction of supra-threshold ABR wave I amplitude 27 . We therefore analyzed ABR wave I amplitude in response to different sound intensities (60, 70, 80 and 90 dB SPL) at 32 kHz, which is the most sensitive frequency of the auditory spectrum in rats. As expected, the average wave I amplitude elicited in vehicle treated animals was significantly reduced following cisplatin treatment at 80 dB (p = 0.034) and 90 dB (p < 0.0001) (Fig. 3A) . The decrease in wave I amplitude by cisplatin at 90 dB was further reduced by pre-treatment with caffeine (p = 0.016 vs. cisplatin). We also analyzed supra-threshold ABR wave II amplitude which represents the activity of cochlear nucleus 28 . Similar to wave I amplitude, supra-threshold wave II amplitude was significantly decreased by cisplatin (80 dB: p = 0.0003 and 90 dB: p < 0.0001 vs. vehicle), which was further diminished by caffeine co-administration (90 dB: p = 0.013 vs. cisplatin) (Fig. 3B ). These decreases in wave I and wave II amplitudes were attenuated in rats pre-treated with trans-tympanic R-PIA (70 dB: p < 0.05, 80 dB: p < 0.005 and 90 dB: p < 0.0001 vs. caffeine + cisplatin), implicating a protective role of the A 1 AR at these different targets along the auditory pathway. Overall, these data suggest that reductions in wave I amplitudes could contribute to the additional hearing loss produced by caffeine in the cisplatin-treated rats.
Reductions in ABR wave I and II amplitudes produced by cisplatin are likely associated with the loss of ribbon synapses between IHCs and auditory nerve terminals 29 . Loss of ribbon synapses has been reported following exposure to loud noise 25 , treatment with ototoxic drugs, such as cisplatin 30, 31 and aminoglycosides 32 , and aging 26 . A functional afferent synapse includes presynaptic ribbon, the main component of which is the RIBEYE protein, www.nature.com/scientificreports www.nature.com/scientificreports/ and postsynaptic active zone containing glutamate receptors, such as GluR2. RIBEYE ribbon protein can be labeled by antibodies against C-terminal binding protein 2 (CtBP2). The loss of afferent synapses were assessed by immunolabeling of rat whole-mount sections with antibodies against CtBP2 and GluR2, while myosin VIIa was used to label IHCs. The average number of paired synaptic ribbons (showing both CtBP2 and GluR2 staining) per IHC in the basal turn of vehicle treated rats was 20.8 ± 0.4, which was significantly reduced to 18.3 ± 0.6 following cisplatin treatment (Fig. 3C,D) . The number of orphan synapses also increased from 1.8 ± 0.1 in vehicle treated rats to 2.6 ± 0.2 per IHC by cisplatin (Fig. 3E ). Pre-treatment with caffeine did not significantly reduce the number of paired synapses (17.9 ± 0.8 per IHC) more than that observed with cisplatin treatment group alone. In contrast, the number of orphan synapses were significantly increased to 3.6 ± 0.2 in caffeine + cisplatin group as compared to cisplatin alone (p = 0.005). These findings suggest that loss of paired ribbon synapses alone could not account for the additional hearing loss produced in the caffeine + cisplatin. Other factors, including differential deficits in synaptic functions, differential loss of SGNs or differences in the generation of inflammatory and oxidative stress mechanisms (see below) could possibly contribute. Pre-treatment with R-PIA by trans-tympanic injection significantly inhibited both caffeine + cisplatin-mediated loss of paired synapses and the increase in the number of orphan synapses (Fig. 3D,E) , suggesting the overall efficacy of R-PIA in preserving synaptic integrity, at least in the basal turn of the cochlea.
The degeneration of SGNs in response to an ototoxic insult is a secondary event to the loss of hair cells 25, 33, 34 and could thus explain the additional hearing loss produced by caffeine + cisplatin. We evaluated the survival of SGNs by counting the number of SGN cell bodies within Rosenthal's canal. Cisplatin treatment reduced the number of SGNs by 16.5 ± 3.1% (p = 0.009) as compared to vehicle treated group (Fig. 4A,B ). Caffeine + cisplatin group demonstrated a 31.4 ± 2.8% decrease in SGN count, which was significantly greater than what was observed with cisplatin alone (p = 0.01). Pre-treatment with R-PIA inhibited the caffeine + cisplatin-induced loss of SGN (12.8 ± 1.7, p = 0.001), which is indicative of the cytoprotective effect of A 1 AR. These findings suggest that loss of ribbon synapses in addition to the degeneration of SGN could account for the additional hearing loss caused by caffeine + cisplatin treatments. www.nature.com/scientificreports www.nature.com/scientificreports/ Caffeine enhances cisplatin-mediated inflammatory response in rat cochlea. Previous studies have reported cochlear inflammation as one of the major contributors of cisplatin-induced hearing loss 12, 13, 35 . Activation of STAT1, a transcription factor, has been implicated in initiating an inflammatory process in the cochlea following cisplatin treatment 10, 12 . STAT1 regulates the transcription of various pro-inflammatory cytokines, such as TNF-α 14 , iNOS 15 and COX-2 16 . The up-regulation of these pro-inflammatory cytokines has been associated with cisplatin ototoxicity 12 . We recently reported that inhibition of STAT1 and its target genes by trans-tympanic administration of the A 1 AR agonist, R-PIA, protected from cisplatin-induced hearing loss by suppressing the inflammatory response 10 . Thus, inhibition of A 1 AR by caffeine could attenuate its otoprotective effect and intensify cisplatin ototoxicity by increasing the expression of inflammatory cytokines. To determine whether caffeine administration worsens cisplatin-induced inflammation, we examined the levels of TNF-α in mid-modiolar sections of the cochlea by immunohistochemistry. High TNF-α immunolabeling was observed 3 days following cisplatin administration in the SG, OHC and SL but not in SVA, compared with vehicle-treated rats (Fig. 5A,B) . Caffeine treatment further increased cisplatin-induced TNF-α immunofluorescence in SG, SVA and SL but not in OHC. Trans-tympanic administration of R-PIA suppressed the increase in the immunolabeling of TNF-α by caffeine + cisplatin in all the regions of the cochlea.
We also investigated the expression of STAT1-regulated inflammatory genes, such as TNF-α, COX-2 and iNOS, in whole cochlear RNA preparations. Cisplatin significantly increased the mRNA levels of TNF-α, COX-2 and iNOS by 1.53 ± 0.1, 1.5 ± 0.04 and 1.4 ± 0.06 folds, respectively. Pre-treatment with caffeine further augmented cisplatin-induced mRNA levels of TNF-α, COX-2 and iNOS to 1.96 ± 0.1, 1.75 ± 0.09 and 1.68 ± 0.09 folds, respectively. The expression of these genes were significantly reduced in rats pre-treated with R-PIA, indicating the functional role of A 1 AR in regulating the expression of these inflammatory genes in the cochlea (Fig. 5C) . Accordingly, the hearing loss produced by caffeine + cisplatin can be attributed, at least in part, to the induction of inflammation in the cochlear cells.
Caffeine treatment aggravates cisplatin-induced cytotoxicity in in vitro models. Caffeine and cisplatin-induced cytotoxicity was tested in cochlear organotypic cultures from postnatal days 3-5 (P3-P5) C57BL/6 mice. Cochlear explants are widely accepted substitute for in vivo cochlear models. We observed that cisplatin (20 μM) treatment for 48 hr significantly increased the loss of myosin VIIa-stained OHCs in the basal turn to 28 ± 1.2% from 15.8 ± 2.4% in vehicle-treated explant cultures (Fig. 6A,B) . Cisplatin-induced loss of OHCs was exacerbated when the explant cultures were pre-treated with 100 μM caffeine (38.4 ± 5.3%). Treatment with caffeine alone did not show any significant change in the OHC loss as compared to vehicle-treated cultures. These data further underscore a tonic cytoprotective role of the A 1 AR which is disrupted by concurrent caffeine exposure.
We also checked the cytotoxic potential of caffeine in combination with cisplatin in UB/OC-1 cells, which is a mouse derived organ of Corti cell line. The UB/OC-1 cells were pre-treated with caffeine (100 μM) for 30 min prior to cisplatin (20 μM) administration and cell viability was determined 24 hr later using MTS assay. Cisplatin decreased cell viability of UB/OC-1 cells by ~33%. Caffeine alone reduced the cell viability by ~13% which was significant, but less than that of cisplatin. However, the combination of caffeine and cisplatin produced an additive effect, reducing cell viability by ~46% (Fig. 6C ). The expression of inflammatory genes were also determined in UB/OC-1 cells. Cisplatin significantly increased the expression of iNOS and TNF-α but not COX2. Pre-treatment with caffeine further increased cisplatin-induced expression of iNOS and TNF-α. Caffeine treatment alone did not show any change in the expression of these inflammatory genes (Fig. 6D) . These data suggest that caffeine Repeated caffeine administration enhances cisplatin-induced ototoxicity. Caffeine is rapidly and completely absorbed from the gastrointestinal tract within 45 min after oral administration 36 . It is quickly metabolized in liver, thereby limiting the amount that reaches the cochlea. Because of its short plasma half-life, multiple doses of caffeine is required to achieve a relatively constant concentration in the cochlea in order to attain a sustained blockade of the A 1 AR. To achieve this, we administered caffeine (15 mg/kg) to Wistar rats daily for five days via oral gavage. A single dose of cisplatin (11 mg/kg) was administered intraperitoneally a day after the first caffeine treatment. Post-treatment ABR was recorded 72 h following cisplatin administration and after the final caffeine treatment (Fig. 7A) . The ABR thresholds were significantly elevated in cisplatin-treated rats, averaging 13 ± 2 and 21.7 ± 1.7 at 16 and 32 kHz, respectively (Fig. 7B) . Cisplatin treatment did not produce a significant threshold shift at 8 kHz. Daily oral administration of caffeine in cisplatin-treated animals further elevated the ABR threshold which was significantly greater than cisplatin alone at all the frequencies tested. ABR threshold shifts in caffeine + cisplatin group were 5.8 ± 0.8, 18.0 ± 1.2 and 30.8 ± 2.4 at 8, 16 and 32 kHz, respectively. Daily administration of caffeine also aggravated cisplatin-induced damage to OHCs and cochlear synaptopathy in the basal turn of the cochlea. Cisplatin produced 11.8 ± 0.6% OHC damage in the basal turn which was increased to 15.7 ± 2% by repeated caffeine administration (Fig. 7C,D) . Animals treated with vehicle or caffeine alone did not show any significant loss of OHCs in the basal turn. We also tested these whole-mount preparations for cochlear synaptopathy and observed that the average number of paired synaptic ribbons per IHC in vehicle treated animals was 22.3 ± 0.4, which was significantly reduced to 19.9 ± 0.6 following cisplatin treatment (Fig. 7E,F) . Daily caffeine administration further reduced cisplatin-mediated loss of paired synapses to 16.5 ± 0.6 per IHC. Similarly, daily administered caffeine significantly increased the number of orphan synapses than cisplatin alone. Cisplatin treatment increased the number of orphan synapses from 1.3 ± 0.1 in vehicle treated rats to 2.0 ± 0.1 per IHC. Cisplatin-induced increase in the number of orphan synapses per IHC was further increased significantly to 2.9 ± 0.2 when these rats were treated daily with caffeine. These findings suggest that multiple doses of caffeine produce greater potentiation of cisplatin-induced ototoxicity than a single dose. In contrast, multiple oral daily doses of caffeine alone did not produce any ototoxic side effects. www.nature.com/scientificreports www.nature.com/scientificreports/
Discussion
The current study demonstrates exacerbation of cisplatin-induced hearing loss which results from concurrent consumption of caffeine. We demonstrate worsening of hearing loss following a single-dose administration of caffeine and even greater effects following daily applications of the drug for five days. Reversal of the negative effects of caffeine on cisplatin-induced hearing loss is observed by stimulating the A 1 AR with R-PIA, implicating this receptor as a target of caffeine an in otoprotection. These finding have significant implications giving the widespread consumption of caffeinated beverages worldwide and the use of cisplatin in various chemotherapeutic regimens for cancers.
Our data indirectly validate the role of endogenous adenosine and A 1 AR activation in protecting the cochlea against oxidative and inflammatory stressors, as observed with cisplatin. We and others have shown an otoprotective role of cochlear A 1 AR against cisplatin-induced hearing loss 10, [19] [20] [21] . Furthermore, the A 1 AR protects against noise-induced hearing loss 37 which resulted from loss of OHCs, SGNs and synaptic ribbons 29 . Protection was even observed when the agonist was administered 6 h following noise exposure 38 . In contrast, blockade of the A 1 AR by dipropylcyclopentylxanthine (DPCPX) reversed otoprotection provided by A 1 AR agonist 10, 21 . One of the main mechanisms underlying the A 1 AR-dependent protection involves suppression of oxidative stress 10, 19 which reduced subsequent inflammatory processes in the cochlea and reduced cell apoptosis 10 . These actions have been shown to involve suppression of cisplatin-induced NOX3 NADPH oxidase function and expression and inhibition of the STAT1 transcription factor. These findings provide greater insight into the workings of the adenosine/ A 1 AR signaling system which protects the cochlea against ototoxic drugs and acoustic trauma.
Based on its central role in cochlear defense, drugs which antagonize the A 1 AR would be expected to compromise hearing, especially in presence of stressors such as cisplatin. Coffee is widely consumed worldwide and contains relatively high levels of caffeine compared to other beverages. Lesser amounts of caffeine is consumed in tea, carbonated soft drinks, energy drinks and fruit-flavored drinks 39 . Moderate caffeine consumption (~400 mg/day) has been shown to provide a number of health benefits in healthy adults ranging from increased mental alertness, exercise endurance and weight loss to enabling better control of blood glucose 39 . However, our data would suggest that these levels of caffeine could contribute to hearing loss in humans with concurrent cisplatin chemotherapy. The dose of caffeine used in this study, 15 mg/kg per day, is equivalent to ~145 mg caffeine consumption per a www.nature.com/scientificreports www.nature.com/scientificreports/ 60 kg individual based on a previous publication on translation of doses used in animal studies to equivalent human doses 40 . This equivalent dose of caffeine is well under the 400 mg/day consumption level for a moderate coffee drinker. Furthermore, most coffee drinkers would habitually consume similar daily levels of caffeine over a prolonged period. Based on these findings one would anticipate that moderate levels of consumption of coffee could "sensitize" the cochlea to ototoxic drugs and/or acoustic trauma.
We show that increased hearing loss in animals treated with cisplatin, following consumption of a single dose of caffeine, was significant only at the high frequency (32 kHz) region of the cochlea. This region is more prone to cisplatin ototoxicity and our data suggest it is also more prone to sensitization by caffeine. Cisplatin ototoxicity was associated with increased loss of OHCs (but not IHCs) in the base of the cochlea, but this effect was not potentiated by caffeine. In fact, caffeine was able to provide some protection against OHC loss in the base. The reason for this is not clear but would implicate OHC dysfunction or targets other than hair cells in the auditory pathway which confer susceptiblity to caffeine. One likely target are the IHC ribbon synapses which were significantly decreased by cisplatin and even further decreased in the cisplatin plus caffeine group. Synapse loss and recovery are reflected by the amplitudes of wave I (measure of the function of ribbon synapses and auditory nerve) of the recorded ABRs. While cisplatin decreased wave I amplitudes, these effects were further reduced by caffeine. This effect is more obvious in Fig. 3A if one examines the rate of change in wave I amplitude versus stimulus intensity. There is a clear difference between the cisplatin versus the caffeine + cisplatin group. Thus, activation of the A 1 AR could play a dual role in reversing the synaptic loss produced by cisplatin alone and the combination of cisplatin and caffeine. A similar pattern of loss of wave II amplitude, which reflects activity of the cochlear nucleus, was observed between the cisplatin versus caffeine + cisplatin groups. Cisplatin suppressed wave II amplitude, which was further suppressed by caffeine, especially at high stimulus levels. Since these effects of caffeine on waves I and II were abolished by activation of the A 1 AR agonist, one could implicate this receptor subtype in protecting these auditory synapses. A recent study by Vlajkovic et al. 29 , using A 1 AR knockout mice in a noise-induced hearing loss paradigm, supports this conclusion. Interestingly, these investigators showed that A 2A AR knockout mice were more protected against noise-induced hearing loss 29 contrasting this receptor subtype with the A 1 AR. www 30 . Since epigallocatechin gallate possess antioxidant and anti-inflammatory properties, we speculated that these properties contribute to the preservation in ribbon synapses. Similarly, we have also shown that cannabinoid 2 (CB2) receptors present in the cochlea could protect these synapses 31 , possibly by targeting similar oxidative stress and inflammatory mechanisms. Noise-induced synaptopathy has been linked to presynaptic release of excessive glutamate 41 . The nerve fibers which are most susceptible possess low spontaneous firing rates and high thresholds 42 and also express low levels of glutamate aspartate transporters (GLAST). Blockade of glutamate uptake leads to enhanced synaptic loss. Inhibition of presynaptic glutamate release by the A 1 AR 43 could therefore serve as a mechanism of protection of the cochlea against cisplatin-induced synaptic loss. Caffeine, which serves as an antagonist of this receptor, would be expected to exacerbate the response to cisplatin. Noise-induced loss of ribbon synapses is associated with a loss of trophic support provided by neurotrophin-3 (NT-3), produced by IHC supporting cells 44 . This could reflect reductions in NT-3 production by these supporting cells or loss of supporting cells, resulting from increased oxidative and inflammatory stress in the vicinity of these cells. Administration of NT-3 and brain derived neurotrophic factors promotes regrowth of spiral ganglion nerve terminals and enable synapse regeneration in vitro 45 and in vivo 46 . We speculate that oxidative 47 and inflammatory stress 48 produced by cisplatin could regulate NT-3 production in the cochlea. This action could be reversed by the A 1 AR which promotes both antioxidant and anti-inflammatory control 17 . An additional factor which could contribute to reductions in the number of paired synapses is the loss of SGNs, which contribute the postsynaptic component of the synapses. We showed that cisplatin and cisplatin + caffeine increased the loss of SGNs which were reduced by concurrent activation of the A 1 AR.
In summary, this study highlights a significant drug-drug interaction between cisplatin and caffeine in vitro and animal studies. Since caffeine is a commonly consumed drug in a number of beverages, such a negative interaction is likely in patients on a cisplatin-based chemotherapy regimen. Cisplatin has recently been shown to persist in the cochlea (SVA) and long bones for months and years following the last drug administration 49 . These long bones could serve as reservoirs of cisplatin in the body which contribute its prolonged toxicity 49 . As such, this drug interaction between caffeine and cisplatin could persist long after cisplatin administration has been terminated.
Materials and Methods
Drugs and reagents. All the drugs used in this study, including caffeine, N 6 -R-phenylisopropyladenosine (R-PIA) and cisplatin were purchase from Sigma-Aldrich. Different antibodies used in this study were purchased from different vendors and are as follows: anti-CtBP2 mouse IgG1 was obtained from BD Biosciences (#612044) while anti-glutamate receptor 2 (GluR2) mouse IgG2a was obtained from Millipore (#MAB397). Animal procedures. Adult male Wistar rats (weighing ~200 g) were purchased from Envigo and housed in the Division of Laboratory Animal Medicine (DLAM) facility of Southern Illinois University School of Medicine. The rats were housed in standard cages in a temperature-controlled environment with 12 h light/dark cycle with free access to food and water. They were anesthetized using a mixture of ketamine (90 mg/kg) and xylazine (17 mg/kg) given intraperitoneally and the depth of anesthesia was determined by the absence of reflex to toe pinch. In case the depth of anesthesia was determined to be insufficient, the rats were administered additional dose of the mixture. Pre-treatment auditory brainstem responses (ABRs) were performed on anesthetized rats in a sound proof chamber. Caffeine (15 mg/kg) was administered via oral gavage whereas R-PIA (1 μM) was delivered into the middle ear through trans-tympanic route. Cisplatin (11 mg/kg) was administered intraperitoneally and post-treatment ABRs were measured 72 h later. Following the ABR measurements, the rats were sacrificed by decapitation under anesthesia. One cochlea from each animal was fixed using cochlear perfusion of 4% paraformaldehyde in PBS for immunohistochemistry studies and the other cochlea was perfused with RNAlater (Thermo Fisher Scientific) for RNA extraction. All animal procedures were approved by the Southern Illinois University School of Medicine Laboratory Animal Care and Use Committee (LACUC). All experimental procedures were performed in accordance with the animal protocol approved by the SIU School of Medicine LACUC.
Auditory brainstem response. Auditory brainstem responses are sound-evoked electrophysiological auditory responses derived from the activity of the auditory nerve and central auditory pathways. The ABR were determined as described previously 50 . Briefly, anesthetized rats were placed inside a sound proof booth in the prone position on a heating pad maintained at 37 °C. Stainless steel electrodes were inserted subdermally in the hind flank muscle region (ground), between the two ears directly atop the skull (positive) and under the pinna of each ear (negative) to detect the ABR. Computer generated acoustic stimuli was applied as tone burst with 5 ms duration and 1 ms rise/fall time at frequencies 8, 16 and 32 kHz using high frequency transducers (Intelligent Hearing System) connected to a plastic tube placed into the external auditory canal of each ear. Animals were tested with a stimulus intensity series that was initiated at 90 dB sound pressure level (SPL) with 10 dB step and reached the minimum at 10 dB SPL. ABR waves II and III complex was used to determine ABR threshold for each frequency. The ABR threshold was defined as the lowest intensity capable of evoking a reproducible and visually distinguishable response of waves II/III complex. Threshold shift represents the difference in threshold measured (2019) 9:9571 | https://doi.org/10.1038/s41598-019-45964-9 www.nature.com/scientificreports www.nature.com/scientificreports/ after treatment (post-treatment ABR) compared with threshold obtained prior to treatment (pre-treatment ABR). The amplitudes (voltage measured from peak to trough) of waves I and II were determined at supra-threshold intensities (60, 70, 80 and 90 dB) from the ABRs obtained from the different treatment groups.
Cochlear whole-mount preparation for OHC and ribbon synapse counts. The isolated rat cochleae were perfused with 4% paraformaldehyde in PBS through the oval and round window and were fixed in the same solution for 24 h at 4 °C. Cochleae were then decalcified in 120 mM EDTA (replaced daily) with constant stirring at room temperature for 3 weeks. From the decalcified cochleae the basilar membrane containing the organ of Corti was carefully microdissected and separated into three segments: apical, middle and basal turn, which corresponds to 8, 16 and 32 kHz frequencies, respectively. Microdissected cochlear whole-mount samples were labeled with antibodies against myosin VIIa, CtBP2, and GluR2 for staining of hair cells, presynaptic ribbon and post-synaptic glutamate receptors, respectively. The fluorescently labeled samples were imaged by Leica SP5 II scanning confocal microscope. In each sample, the number of missing OHCs were counted manually from ~150 OHC per turn and presented as percent loss of the total number of OHC. Ribbon synapses from the IHCs were imaged at 100X magnification to capture at least 15 IHCs per image. Paired (CtBP2 + GluR2 immunolabeling apposing each other) and orphan or unpaired (either CtBP2 or GluR2 missing) synaptic ribbons were counted manually from each image and presented as total number of synapses per IHC. SGN count. Decalcified cochleae were processed for cryosectioning as described previously 50 . Serial mid-modiolar sections (10 μm thickness) were immunolabelled with neurofilament H antibody using standard immunofluorescence method described below to stain the SGN. The sections were then imaged using Leica SP5 II scanning confocal microscope at 40X magnification. To count the number of SGN, neurofilament H labelled cell bodies within the Rosenthal's canal in the basal turn were counted manually from maximum intensity projection images of each section. The number of SGN counted from sections were normalized to the cross-sectional area of Rosenthal's canal and averaged and presented as SGN count/1 mm 2 .
Immunohistochemistry. Immunostaining of cochlear whole-mount preparations, explant cultures and mid-modiolar sections (10 μm thickness) was initiated by methanol permeabilization step. For this the tissue sections were kept in ice-cold 100% methanol for 10 min at −20 °C and then rinsed once in 1X PBS for 5 min. Following this the tissue sections were blocked in blocking buffer (1X PBS + 5% normal donkey serum + 0.3% Triton X-100) for 2 hr at room temperature. The specimen were then incubated overnight at 4 °C in primary antibody prepared in antibody dilution buffer (1X PBS + 1% BSA + 0.3% Triton X-100), after which they were washed three times for 5 min with 1X PBS. They were then incubated in secondary antibodies prepared in antibody dilution buffer for 3 h in dark at room temperature and then washed three times for 5 min with 1X PBS. Sections were then stained with Hoechst in the dark for 20 min at room temperature and mounted on slides using ProLong ® Diamond Antifade Mountant (Invitrogen). The samples containing hair cells, ribbon synapses and SGN were imaged by Leica SP5 II scanning confocal microscope whereas samples immunolabeled with TNF-α were imaged by Zeiss LSM800 scanning confocal microscope. The TNF-α immunofluorescent intensity was measured using ZEN 2.5 (blue edition) software by Zeiss using sequential imaging for excitation wavelengths. Although not all the images were taken during the same imaging session, all the images had same laser illumination settings for all the groups (n ≥ 3 cochleae/group). First, the mean fluorescent intensity was obtained by selecting the region of interest (ROI) from 2 to 3 sections per cochlea. Next, the region next to the ROI was selected that had no fluorescence to get the background fluorescent value. This value was then deducted from the mean fluorescent intensity of ROI to compute the total fluorescent intensity.
RNA isolation and real-time RT-PCR.
Isolated cochleae were cleaned of the extraneous tissue and crushed in 1 ml of TRI reagent ® (Sigma-Aldrich) using a homogenizer. About 200 μl of 100% chloroform was added and the tube was shaken vigorously for 15 s and centrifuged at 12,000 g for 15 min. The top clear phase (~200 μl) containing RNA was collected carefully and transferred to another tube. RNA was extracted by adding 500 μl of ice-cold 100% isopropanol and mixing the tube by inverting it several times followed by centrifugation at 12,000 g for 15 min. The supernatant was discarded and the RNA pellet was washed once with ice-cold 100% ethanol and then twice with cold 75% ethanol. The ethanol was removed and the tube was air dried briefly. The RNA pellet was resuspended in nuclease-free water and the purity and concentration of RNA was determined by measuring optical density at 260, 280, and 230 nm by NanoDrop ® ND-1000 spectrophotometer. Total RNA from UB/OC-1 cells were also isolated as described above.
Total RNA (500 ng) was reverse transcribed in 20 μl reactions using iScript Select cDNA Synthesis Kit (Bio-Rad) as per the manufacturers protocol. The reaction mixture was setup as follows: 500 ng of total RNA, 4 μl of 5X iScript select reaction mix, 2 μl of GSP enhancer solution, 1 μl of iScript reverse transcriptase and nuclease-free water to bring the total volume to 20 μl. The reaction mix was incubated at 42 °C for 60 min and 85 °C for 5 min. This cDNA reaction mix was used for RT-PCR which was setup as follows: 2 μl of cDNA, 0.5 μl of each primer (50 pM stock) and 10 μl of Fast SYBR Green Mastermix (Thermo Fisher Scientific), adjusted to a total volume of 20 μl with nuclease-free water. Cycling conditions were: 95 °C for 20 sec followed by 40 cycles at 95 °C for 3 sec and 60 °C for 30 s each. Amplification and detection was performed using StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). The mRNA expression were normalized to the levels of GAPDH. The cycle threshold (Ct) was determined by the number of cycles at which the samples reached threshold fluorescent intensity. The relative change in mRNA levels of a specific gene between the vehicle and treated group was quantified by the following formula: 2
−ΔΔCt
. The nucleotide sequences of rodent primer sets were based on homologous sequences of rat and mouse cDNA sequence. The primers were purchased from Sigma-Aldrich and the primer sets used were: Rodent-TNF-α (sense): 5′-CAGACCCTCACACTCAGATCA-3′; Rodent-TNF-α (antisense):
